Two antimicrobial coatings, namely Sodium octanoate and Auranta FV (a commercial antimicrobial composed of bioflavonoids, citric, malic, lactic, and caprylic acids) were used. These two antimicrobials were surface coated onto the inner polyethylene layer of cold plasma treated polyamide films using beef gelatin as a carrier and coating polymer. This packaging material was then used to vacuum pack beef sub-primal cuts and stored at 4°C. A control was prepared using the non-coated commercial laminate and the same vacuum packaged sub-primal beef cuts. During storage, microbial and quality assessments were carried out. Sodium octanoate treated packages significantly (p<0.05) reduced microbial counts for all bacteria tested with an increase of 7 and 14 days, respectively compared to control samples. No significant effect on pH was observed with any treatment. The results suggested that these food grade antimicrobials have the potential to be used in antimicrobial active packaging applications for beef products.
Introduction
Microbial contamination has long been recognised as the main source of spoilage and reduction of meat quality . Prolonging shelf-life, along with delivering a high quality food product in suitable flexible packaging, is essential in order to address issues such as, global supplier demands, economical profit, customer satisfaction, reducing packaging, and more importantly, reduction of food wastage. Smart packaging solutions presented in the form of antimicrobially-active packaging may be a solution, or part of a solution, to these and other issues (Kerry et al., 2008) .
Naturally-occurring active antimicrobial substances offer many potential benefits with respect to food packaging applications. Taken from natural food sources, potentially edible, and therefore food contact-friendly films and coatings offer new alternatives in relation to food packaging materials and packaging applications.
Edible films and coatings have been used for preservation purposes and can be formulated into active materials with the addition of antimicrobial substances (Cuq et al., 1995; Campos et al., 2011) . Bioactive edible/biodegradable films have limitations with respect to certain mechanical properties such as transparency, and printability issues. Therefore, such limitations mean that these materials will never compete in volume or scale with industrially-based conventional packaging materials for some time to come.
However, the development of such materials should be encouraged as they would certainly present novel materials with niche roles and applications, especially when used in combination with conventional plastic-based packaging materials
The use of gelatin to form edible films or coatings has been well documented since the 1960's (Hanani et al., 2012a) . Films formed using gelatin sources as a primary biopolymer packaging film are more desirable to manufactures as they are low cost and wide availability (Hanani et al., 2013) . Gelatin has been shown to produce films with good transparency, mechanical and barrier properties, and can be manufactured by extrusion or casting processes (Hanani et al., 2012b , Hanani et al., 2013 , Molinaro et al., 2015 Wang et al., 2007) . There is increased interest in the development and use of edible packaging materials to preserve meat quality for longer storage periods, while at the same time, maintaining food safety based on consumer demands for natural and safe products (Cutter et al., 2006; Ortega et al., 2014) . Polymeric matrices, as well as bioactive coatings and films, can be used as carriers for natural antimicrobials. This technique allows for slow diffusion of the antimicrobial agent from the packaging material, thus allowing a continuous antimicrobial effect on the food product surface over time (Han et al., 2014) . This approach has been shown to be more effective than spraying, dipping or submerging products with or in solutions of antimicrobial agents (Lu et al., 2010 , Muriel-Galet et al., 2012 , Quintavalla & Vincini, 2002 , Suppakul et al., 2008 & Yingyuad et al., 2006 . Numerous publications have reported the effects of activating biopolymerbased materials with antimicrobial substances for packaging applications (Gómez-Estaca et al., 2010 , Oussalad et al., 2004 , Millette et al., 2007 , Gill et al., 2002 , & Morsy et al., 2014 to name a few. However, limited studies on bovine gelatin as a polymer carrier of antimicrobial substances to reduce the microbial growth on fresh caprylic acid in water) and Sodium octanoate (SO) were successively incorporated into beef-derived gelatine films and tested for structural, mechanical and barrier properties. It was shown that active antimicrobial agents could potentially serve as commercial antimicrobial coatings for application onto conventional plastic food packaging materials (Clarke et al. 2016) .
To the best of our knowledge, no studies have reported the effect of the use of cold plasma treatment to improve attachment properties of activated gelatin solutions containing antimicrobials, and the application of the developed coated materials to reduce the microbial growth and extend the shelf life of fresh beef sub-primals.
Therefore, the objective of this study was to examine the effectiveness of surface attachment of active beef-derived gelatine antimicrobial (SO and AFV) coatings onto conventional commercial vacuum packaging laminates (polyethylene/polyamide) and assess the performance of these packaging materials on microbial counts of vacuum packaged beef steaks.
Materials and methods

Materials, microbiological media and beef
Antimicrobials used in this study included SO, and AFV. SO was obtained from Sigma-Aldrich, UK and AFVfrom Envirotech Innovative Products Ltd, Ireland.
Glycerol (KB Scientific Ltd, UK) was used as a plasticizer and Beef gelatin 100 bloom (Helan ingredients, UK) was used as the basal material for all film matrices.
Two beef subprimal striploins were purchased from a local beef supplier and were delivered at 4 o C in vacuum-skin plastic packaging formats and used on the same day of delivery. Conventional vacuum polyamide/low density polyethylene (PA/LDPE) pouches (200x300 mm, water vapour transmission rate of 2.8 g/m 2 24 hr and oxygen permeabiltlty rate of 50 cm 3 /m 2 24 hr) were supplied by Cryovac (Sealed Air W.R.
Grace Europe Inc., Lausanne, Switzerland) and used as industry standard materials for coating and meat packaging trials throughout these studies.
Plasma treatment
In order to increase the hydrophilicity of the LDPE inner part of the PA/LDPE laminate vacuum pouches, cold plasma treatment was carried out on a Dielectric- 
Preparation of film forming solutions and coatings
Gelatine film forming solutions were prepared according to the procedure outlined by Wang et al, (2007) , with minor modifications. Briefly, dry beef gelatine was dissolved in distilled water (5% w/w) by heating at 90° C in a shaking water bath (SW23, Julabo USA INC., Allentown, PA, USA) for 30 min and glycerol was added under constant stirring at a concentration of 33% w/w dry matter. Successively, the solution was cooled down at room temperature to 40° C before the addition of the antimicrobials. The antimicrobials were added at twice the minimum inhibitory concentration (MIC) determined for each of the two antimicrobials used (Clarke et al., 2016) . The MIC of AFV and SO was previously determined at levels of 1.5 and 1%, respectively and added at a weight of 3g and 2g respectively (Clarke et al., 2016 Bochum 6, Germany) with the sealing time set at 2.5 s. In order to avoid adhesion between the coated films, sterile food grade aluminium foil was placed between the films prior to sealing.
Beef striploins were cut into 90 steaks (2.5 cm in thickness). A total of 30 steaks were individually vacuum packaged in AFV coated pouches, SO coated pouches or 
pH
The pH of the beef steaks was measured using a digital pH metre (Mettler-Toledo GmbH, Schwerzenbach, Switzerland) by inserting the glass probe directly into the beef steak. Each value represents the average of three readings.
Microbiological studies
Microbiological analyses of beef steaks during storage at 4 o C were performed in triplicate on each measurement day. In order to obtain a representative sample, three steaks from each treatment were randomly selected for analysis. A total of 10g from 
Statistical analysis
One-way analysis of variance of data was carried out using the SPSS 22 for Windows (SPSS Statistical software, Inc., Chicago, IL, USA) software package.
Tukey's HSD test was used to compare treatment means when significant differences were found with the ANOVA. The significance level was always set to 0.05.
Results and discussions
Surface treatment of PE/PA packs
In a previous study Clarke et al. (2016) measured (Yuan and Lee, 2013) . The contact angle is defined as the angle Ɵ formed by the intersection of the liquid interface and the surface interface ( fig. 2) .
A significant (p<0.05) decrease in the contact angle for both test liquids (water and ethylene glycol) was observed after plasma treatment of the surface of LDPE (Table   1A ). The results presented in this study clearly demonstrate the importance of DBD plasma treatment of PE films before coating for making a more homogenous antimicrobial coating on the surface of film. However, hydrophobic nature recovery of the DBD plasma treated film during storage indicated that the coating process must be carried out soon after DBD plasma treatment. In the present study, for optimum adhesion and to obtain a more homogeneous film coating LDPE films were coated with the antimicrobial coating within 24 hr of plasma treatment.
pH values of packaged beef steaks
The effects of active antimicrobial treatments on the pH values of vacuum packaged beef steaks are shown in Table 2 . The initial pH of fresh beef in the control packs was 5.5. Following the immediate vacuum packaging of steaks using both AFV and SO antimicrobial films, steak pH values significantly (p< 0.05) increased within 24 hrs of packaging. This increase in pH was most likely due to the initial pH of the antimicrobial coating film forming solutions which were 6.2 and 6.5, respectively. A similar effect was reported by Emiroğlu et al. (2010) who applied soy protein-based edible films (pH 10.0) to beef patty surfaces.
However, in our study, the increased meat pH was only short-lived, possibly due to the initial pH of the beef having a neutralising effect on the overall pH, thus the pH decreased quickly and normalised meat pH values were maintained throughout the storage time. The decrease in steak pH in antimicrobially-treated packs could be attributed to the presence of lactic acid bacteria (LAB). Strains of LAB can produce fermentation products in the form of organic acids which may result in a decrease in pH over time (Jones, 2004; Sakala et al., 2002) . LAB strains of bacteria are known to be resistant to many antimicrobial substances (Han et al., 2014; Fik & Leszczyska-Fik, 2007; Emiroğlu et al. 2010) . In our study, we observed the successful growth of LAB in our antimicrobially-treated packs (see next section for greater detail).
The opposite trend was observed for the control samples, where a slight increase in pH was observed until day 23 of storage. An increase in pH may have been caused by the high levels of psychrotrophic bacteria present during the initial days of storage. Psychrotrophic bacteria produce volatile amine and ammonia which can increase pH levels and that the accumulation of those metabolites produced by psychotropic bacteria growth may cause pH increase (Cortez-Vega et al., 2012) . 
Microbiological analysis
Initial TVC and psychrotrophic bacteria counts for control, AFV and SO packaged beef steak samples after day 1 of storage were reported as 3.18 log, 2.70 log and 3.00 log CFU/g, respectively, indicating that beef steaks were of good microbiological quality (Fig. 3a) . In general, during storage independent of the packaging system used, the TVC numbers increased; however, throughout storage higher growth was noticed in control samples compared to samples stored in antimicrobially-coated pouches. Microbiological standards and guidelines give guidance on the types of microorganism and their number that can be considered acceptable or unacceptable or unsafe in a food product. The following recommended microbiological limits are applied for raw meat: Aerobic plate counts: m = 10 6 (CFU/ g of meat) (acceptable limit) and M= 10 7 (CFU/ g of meat)) (Unacceptable limit); E. coli: m = 50 CFU/g of meat (acceptable limit) and M= 500 CFU/ g of meat), (European Commission, 2007; ICMSF, 1986) . For this study the limit of acceptability was set to 6 log (CFU/g of meat) and E. coli 50 CFU/g of meat. Microbiological enumeration for TVC, psychrotrophic bacteria, LAB, and TAB bacteria during storage are shown in figure   3 .
Throughout storage, significantly (P<0.05) lower bacterial counts were observed in samples that were vacuum packed in packs coated with antimicrobial SO compared to samples that were vacuum packed with control films or films coated with antimicrobial AFV. The results found in this study is in agreement with results reported previously by Clarke et al. (2016) compared to the other antimicrobials tested. The authors also found that beef-derived gelatin films containing SO enhanced the mechanical properties and water vapour permeability when compared to control gelatin films.
The limit of acceptability was reached at day 27, 35 and 42 for samples that were vacuum packed with control, AFV coated antimicrobial or SO antimicrobially coated films, respectively. Therefore, beef vacuum packed with the antimicrobial coating containing AFV or SO stayed within acceptability levels 33 or 55% longer, respectively compared to samples that were vacuum packed with control films.
Significantly (P<0.05) slower growth of psychrotrophic bacteria was noticed in beef steaks that were vacuum packed with SO coated LDPE films compared to beef steaks vacuum packed with AFV coated LDPE films or control films (Fig. 3B) .
However, at the end of storage, no significant differences were noticed between the samples that were vacuum packed with AFV or SO coated LDPE films.
SO films significantly (p<0.05) reduced bacterial counts compared to control samples for psychrotrophic bacteria from day 14 until the end of testing, AFV treated packaging only significantly (p<0.05) reduced bacterial counts as compared to control packaging on day 21 of testing ( Fig. 3B ) No significant differences were observed at the end of the testing period between AFV and SO films for psychrotrophic bacteria.
A similar pattern was observed on TAB and LAB counts. SO coated LDPE films significantly (p< 0.05) reduced TAB and LAB bacterial counts compared to steaks that were vacuum packed with AFV coated LDPE films or control films from day 14 onwards until the end of testing and storage period (Fig. 3C, 3D ). Clostridium spp.
was absent throughout the storage period, coliforms were present on day 35 of testing and were slightly higher in treatment samples, however, levels remained within acceptable limits (5 × 10 2 ) throughout the testing period. Similar results were reported in a study conducted by Brightwell et al, (2009) who compared the microflora of peroxyacetic acid treated and vacuum-packed beef. Enterobacteriaceae counts were first detected on week 6 of testing and were found to be higher in treated versus untreated samples, with levels of Enterobacteriaceae being 25% and 11%, respectively, of the total microflora present. 
Conclusion
Beef gelatin as a carrier and coating polymer was used to successfully develop antimicrobial gelatine coated LDPE films by coating the inner PE layer of conventional PA/LDPE laminated films after surface activation using cold plasma treatment. The coated antimicrobials tested demonstrated different degrees of effectiveness against bacterial species evaluated on beef steaks. Based on the limit of acceptability in terms of total aerobic counts and E. coli, the antimicrobial AFV and SO coated films significantly prolonged the shelf life of beef steaks by 33 or 55%, respectively, compared to samples that were vacuum packed using control film samples. Overall, SO or AFV have the potential of being used as effective antimicrobials for antimicrobial active packaging applications for muscle-based food products. 
